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Summary

= The characterisation of five gas-liquid chromatographic stationary
phases, using retention data obtained by Laffort and co-workers for 240
solutes, has been carried out by the method of multiple linear regression
analysis. Relative gas-liquid partition coefficients for as many solutes as

possible were correlated against various combinations of parameters. The

>

best general equation was found to be one containing the exploratory variables

*

*
Ty 5, a , Bm, and log L6, Attempts to replace T by the dipole moment

m
2 . .
(L”) were not very successi.l, and neither were attempts to use refractive

. . . . . . . 2
index functions or molar refractions 1in combination with u°. However,

*
replacement of 7, by the dipole moment itself was more successful, and led to

2

quite good equations ia u, O, a Bm, and log L6,

16

A number of new log L values have been determined experimentally, using

the gas-chromatographic method.
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Introduction

Over the past few years, Abraham, Doherty, Kamlet, Taft and co-workersl’2

have constructed equations for the correlation and prediction of a very large
number of physicochemical and biochemical phenomena. These equations are
based on a cavity theory of solution, in which the process of dissolution of a
solute in a solvent may be broken down into a number of hypothetical steps:
(i) the endoergic formation of a cavity 1in the bulk solvent, (ii)
rearrangement of solvent molecules round the cavity, and (iii) the exoergic
interaction of the solute with the surrounding solvent molecules after the
solute has been inserted into the cavity. If the Gibbs energy change in step
(ii) is =zero, or very nearly zero as is usually assumed, only steps (i) and
(1ii) need to be modelled. The energy of formation of a cavity can be taken
as proportional to the solvent cohesive energy density, (5i)l, where 6H is the
Hildebrand solubility parameter, and to some function of the solute size, or
volume, Vz,+ leading to a term (5&)1.V2 with the units of energy. Various
solvent-solute interactions can take place in step (iii). If both solvent
. . * * . . * .
and solute are dipolar, a term 1in T T, will arise, where ™ 1is the solvent or
solute dipolarity. Hydrogen-bond interactions will also be set up, either
between a solvent acting as a hydrogen-bond base and a solute acting as a

hydrogen-bond acid, 8 or between a solvent acting as the acid and the

1+%20

solute as the base, a1°82° In these two terms, a1 and Bl refer to the

solvent hydrogen-bond acidity and basicity, and @, and 82 to the solute
hydrogen-bond acidity and basicity. The full equation for the correlation of

some solubility related property, SP, is then given by the multiple linear

regression equation,

+ . .
We denote, as usual, solvent properties by the subscript 1 and solute

properties by the subscript 2.




* * 2
= 3 3 (5
Sp A+ Bﬂlnz + C laz + 01182 + E( H)1V2 1)

Now for a process involving a series of solutes in a given solvent, all
the solvent parameters 1in equation (l) are constant, leading to equation

(2). For solutes that are aromatic or polyhalogenated, a polarisability

*
SP = C + s.n2 + a.a2 + b.Bz + M.V, (2)
correction term 1is needed, which takes the form 62 = 1 for aromatic solutes,
0.5 for polyhalogenated solutes, and zero for all other solutes. This leads

to the final equation, used extensively in the correlation of a wide variety

of phenomena in condensed phases, equation (3). An early application of
*
SP = C + S.M, * d.éz +aaa, o+ b.82 + m.V, (3)

equation (3) to a process involving a gaseous phase, namely the solubility of

gases and vapours 1in polymers,3

revealed a possible deficiency in that
equation (3) contains no term that corresponds to solute-solvent dispersion,
or van der Waals, interaction. An alternative equation was therefore put
forward, with a new solute parameter, log L16, replacing the volume term
Ve This new parameter was defined as the logarithm of the solute Ostwald
solubility coefficient, L, on n-hexadecane at 298K.A

concentration of solute in solution

L = (&)

concentration of solute in the gas phase

Two possible equations for the correlation of the solubility of a series
of gases and vapours in a given condensed phase are therefore equations (3)
and (5), and we sect out to investigate the use c¢f these two equations. There

are several ways of describing the solubility of gases in liquids, but in view
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of the use of the Ostwald solubility coefficient in equation (5) shall define
gas solubility through equation (4). It should be noted that L is actually
the same as the gas-liquid partition coefficient, K, used in the description
of gas-liquid chromatography (GLC). The coefficient L or K is related to the
specific retention volume at the column temperature, Vgs through equation (6)

where 01 is the stationary phase density.

16

*
sp = C + Sem, + d.é2 + a.x, + b.62 + l.log L (5

2

L (or K) = BI'VG (6)

In order to apply equations (3) and (5), values of SP (i.e. log L or Log
VG) should be available for a wide selection of solutes on the same liquid
phase. By far the most convenient and accurate methcd of obtaining such a
series of SP values is by GLC 1itself, and there are numerous compilatiocas of
such data. Probably the most extensive, carefully measured, values are those
recorded by Laffort and co-workers5 for 240 solutes on 5 stationary phases,
and this is the data we have chosen first to analyse. Laffort and co-workers
published their data in the form of Kovat's retention indices, defined for

isothermal GLC through equation (7).

log VG(x)-log VG(Pn)

log VG(Pn + 1)-log VG(Pn) + 100n SR

I(x) = 100

Here, I(x) is the retention index of solute x, Vi, is the specific retention
volume, and (Pn) and (Pn + 1) represent n-alkanes of carbon number n and N +
1. The equation used to calculate their retention indices is,

log t(x) - log T(Pm)

I =100 5 + 1000 (8)
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where 1T(x) and r(Plo) are the corrected reteation times for compound x and
n-decane, and b is the slope for n-alkanes., From equation (6) and equation
(8) it follows that
1-1000
= Py + P

log L(x) oo P * log L(P o) (9)
and hence values of log L(x) may be calculated for the 240 solutes relative to
log L for n-decane. These relative values of log L(x) - log L(Pyy) can be
used in equations (3) and (5) to yield exactly the same coefficients etc. as
would be found with the absolute values of log L(x).' The constant quantity

loy L(Py5) will be subsumed into the value of C.

The five phases studied by Laffort and co-workers are listed in Table 1,
'nd the 240 solutes are given in Table 2. In Table 3 are given those listed
in our database, i.e. those for which we had some, or most, of the required
solute parameters and in Table 4 are the b-values used in equation (9). The

parameters that were chosen to be used in regressions are as follows:

*

T, These values are those that have been extensively used by Kamlet
and co-workers.'72»7-10

62 This 1is a trivially-calculated parameter, taken as 1.0 for
aromatic solutes, 0.5 for polyhalogenated solutes, and zero for
all others.

az(am) These values were taken from recent papers of Kamlet and co-
workers. /10

*  This is not the case if only Kovat's retention indices are known. It is

therefore fortunate that Laffort and co-workers’ had the foresight to record

values of b for each of the five stationary phases studied. Note that

slightly different b-values are given in Laffort's table 1II. We are

indebted to Professor Laffort” for suggesting that those in the first rwo
would be the most suitable to use in our equation (9),




H
az(az)

8,8 )
H

B,(8,)

VoV,

log L1®

£(n?)

MR

MR

In

values of

investigate

Kamlet and co-workers,

This is a new hydrogen-bond acidity parameter recently developed

by Abraham and co-workers using log K values for hydrogen-bond

complexation,ll

These were, again, taken from papers of Kamlet and co-
workers. /10
This is a new hydrogen-bond basicity parameter,12 obtained by

H
the same procedure as az.
In all our calculations we used the trivially calculatable
characteristic volume, as detailed by Abraham and McGowan. 13
Many of values were taken from the experimental paper of

Abraham, Grellier, and McGill.4 Other values have been

obtained in this work, see experimental section and the section

on log 16 values.
Dipole moments were taken from standard literature sources.”"15
This refractive index function, defined as f(nz) = (nz-l)/(n2+2)

was calculated from literature values of the refractive index of
the solute liquid at 293 K and the sodium-D line.l®
The wolar refraction was obtained from the usual definition, MR
= f(nz).M/P, where M and P are the solute molecular weight and
density; MR is the same as the electron polarisation, Pg.

To eliminate the need for a new parameter (the density), a

modified molar refraction was calculated as MR, = f(nz)ovx-

present report, we set out equations, based on the T and ﬁm

7-10 404 in a subsequent report we shall

H H .
the use of the new parameters a_ and P . To some extent

2 2

equations (3) and (5) are straightforward in that, apart from L and Bm taken

as standard,

parameters.

the otker parameters V_  and log le are well-defined solute

* *
However 1. 1s partly decived from the solvent parameter .'!1‘ and




partly obtained through a dipole moment correlation. One aim of the present

*
work was therefore to see if 7

, could be replaced either by the dipole moment

2 . . . .
(4 or u7) or some combination of dipole moment with f(nz) or MR. Of course,
another aim 1is to obtain the best regression equation that could be used to

predict new values of the chromatographic parameter.

Results and discussion

Regressions were run for the relative values of log L(x) on the five
phases listed in Table 1. The coefficients of the parameters are listed in a
sertes of Tables, together with the number of data points (n), the multiple
correlation constant (r), and the standard deviation (s.d.). Also given are
the per cent confidence levels for the coefficients (correlation %). The
Tables are as follows:

Table 5: &, n, a , 8 , Vx All phases

Table 6: 5y Ty, @, Bm, log L16 All phases

2
£(ndy, u°, a, B, log L16

Table 7: 5, w7, a , B, Vx Polyph ether only




. R . . 2 ..
Since the various regresslions 1n U were not very good, an additional
series was run that included only solutes with a single dominant dipole moment
- 1i.e. solutes such as acids, esters, nitro compounds and so forth were

removed. Further regressions were carried out as follows:

Table 8: f(nz), uz, @ Bm, Vx TCEP orly

2
£(a?), u » T Bm’ log L16

2
MR, 4%, @ , B, log L 16

2. . .
Although p~ 1s theoretically a better parameter to use than u itself, two
sets of regressions were run using W as a dipolar parameter. In each set,

regressions were carried out for all solutes for which parameters were

available, and for solutes with & = 0Q:
2 16
Table 9: f(n”), 4, am, Bm, log L All phases
16
Table 10: &, u, am, Bm, log L All phases
16

u, am, Bm, log L

A direct comparison of Tables 5 and 6 shows quite clearly that
regressions in log L16 are always markedly superior to those in Vx, and hence

we shall consider only the log L16

correlations henceforth. Results in Table
6 for the general equation (S5) are quite good, with correlation constants
ranging from 0.9943 to 0.9805 for the five phases with about 90 solutes. The
constants in equation (5) wmake general chemical sense: all five phases are
hydrogen-bond bases and have no hydrogen-bond acidity, and hence the

coefficient in the term b.Bm should be statistically not significant. This is

true for all the phases except Zonyl E7. This phase is supposed to be a




fluorinated ester of '"pyromellitic acid and a trihydrofluoro alcohol". The
former 1s 1,2,4,5-benzene tetra-carboxylic acid, and it is possible that the
commercial product contains either unesterified carboxylic acid or hydroxyl

groups.

One difficulty over a physicochemical interpretation of equation (5) 1is

*

2 term as well as on the

that polarisability effects are contained in the s.m
4.5 term. It would be particularly wuseful 1f the dipolarity and

- . I3 . *
polarisability effects, both contained 1n s.m

27 could be separately counted.

*

To this end, we have investigated the effect of replacing the 6/n2 terms by
various combinations of the dipole movement, as uz, and polarisability
functions such as f(nz) or MR. 1In Table 6 are results of a direct replacement
. . * 2 2 .

in equation (5) of ., and & by f(n°) and u-. The overall correlation
constants are not as good as those in the original equation (5), but are not
too bad. However, most surprisingly, the b.Bm terms are statiscally
significant for all five phases, thus making the entire regression equations

rather suspect from a chemical point of view.

In Table 7 are results of replacing n; and & by either u2 and & or by
uz and MRX, for the polyphenyl ether phase as an example. There is an
excellent correlation with §, uz, x s Bm,and log L with r = 0.9922 and sd =
0.093, which must be close to an exhaustive fit. But once again, the b.Bm
term is highly significant. Regressions with f(nz) and uz or MR_ and uz for
TCNE using a restricted set of solutes that contain either no dipole or else a

single dominant dipole, are in Table 8. The only chemically reasonable

*
regressions are those ¢ the original form in &/n .
“
Our conclusion as a result of the regressions set out in Tables 5-8 1is
* . 2. . . .
that replacement of the 6/ﬂ2 symbolism by u in comblnation with a

polarisability term leads (i) to regressions that are not as good, and (ii) to

regressions that contain an unacceptable b.f  term.
m




In terms of chemical theory, correlations of an energy-related quantity
such as log Vp or log L with dipole moment should certainly involve
uz and not u. However, we thought it useful on an enmpirical level to
investigate the use of u as a solvent parameter. Table 9 gives details of

*

regressions where £(a) and u replace & and T,

Once again, the b.Sm term is

highly significant for all five phases. Finally, in Table 10, are results of
*

simply making a direct replacement of T, by u in equation(5), to give:

16

SP = C + s.i + d.éﬁ + a.az + b.B, + l.log L (105
“

2

The regressions are all very good, and the only difficulty is that the
b.ﬁm term is still too significant for the phases TCEP, Polyphenyl ether, and
DEGS. We carried out another set of regressions using equation (10) tfor a
restricted set of solutes for which & = 0 (about 60-65 such solutes). he
regression coeficients and sd values are the best we have obtained (compare
Table 10 with Table 6), and now the b.Bm terms are statistically not
significant, as required (except for zonyl E7 !). We are much encouraged by
the results in Table 10, and 1intend to pursue this line of regression

*
analyses. If, indeed, @ can be replaced by 1, not only would interpretation

2
be much easier, but it would be possible to predict the dipole parameter

rather easler from a knowledge of molecular structure.

Work in Progress

Further work 1is in hand on the refinement of equation (l0) for the
correlation and prediction of gas-liquid and gas-polymer partition
coefficients. We hope that on the next report we shall be able to set out a

moditied equation (10) that will deal with the Laftfort data set.

We 4lso have in hand the analysis of a large number of log L values (or

the equivalent lop V.. values) on the nonpnlir phases Apiezon and squalane. 1t
;
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will be possible to extract from this data a rather extended list of secondary

log 16 values that will considerably extend our data base.

Our next projected experimentation will be the acquisition of log L
values for a range of solutes on some simple organic solvents, so that a
direct comparison can be made with GLC stationary phases and with polymer

phases.

Experimental

In order to increase the number of Laffort solutes for which we had all

16 alues were determined, at the standard

the parameters, additional log L
temperature of 298.15 K. A short column was used of length 50 cm and internal
diameter 2 mm, containing 3.34% w/w of n-hexadecane on chromosorb B, mesh size
45/60. The standard used was n-octane of log L16 value 3.677, and log le
values for other solutes were obtained relative to n-octane, using a flame
{onisation detector, as described before.® Results are given 1n Table 11.
Attempts were also made to obtain log L% values for proprionic acid and

higher carboxylic acids, but without success, but further attempts will be

made to determine these quantities, either directly or indirectly.

T ———— e -~
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Table 1. The five stationary phases studied by Laffort and co-workers.

Zonyl Zonyl E7 (Dupont). This is a fluoro-ester.

4
Cw 1540 Carbowax 1540 (Applied Science).

1

. TCEP Tricyanoethoxypropane

1
Polyph. ether Polyphenyl ether, six rings.
DEGS Diethvieneglvcol succlnate.

e e ...
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Table L
xovats retention Indexes in GLC of 740 substances on Mive stationary phases. [ corresponds to extrapolated values.
The numbers of Handbook followed Dy = or an additicnal digit are not reported in the 50th edition but correspand
to the same logic of classification,
Substences Haodbook  Zooyl C.wax ICLP Polyph.0EGS
1540 ethet
[Var, V)
I METRAROL 3ee OST %1% 1228 S22 1ee2
2 LTRAROL w33e Tes 433 1228  3HT 163
2 t-PROPANOL risg? A23 1043 1333 Tel A
4 1907 ROF AROL ri36a Tar %16 (260 13 1037
¢ ALLYL ALLOBOL rias 832 1112 (432 TS (264
4 1-BUTAROL B26¢ 4 V44 1164 14TI w20 134t
7 18OBUTARNOL Fiedde BT 1184 1% TI2 1242
8 2-MUTAROL B28e¢ 86T 1423 132 T3I7T (e
s T SUTARNOL Pie33 Biv %S 1% e3¢ (@34
10 1-PEATAROL reii3 1953 1271 1302 92« ye27
11 ANYL ALCOROLL ACY C) 22894 iote 1228 3¢ &8s  1Je1t
12 180ANYL ALCOSOL 82493 1e23 1T 132% 483 (J73
13 TER-ANVL ALCOSOL 2249 W7 1844 1298 TTC 1162
16 CYCLOPRNTAROL Coar2 1883 1337 1477 %8s 138
18 1 ERXANOL Se478 1168 1361 (A% 1932 18ea
t¢ 2- ERXEAOLL TRARS) W0372e V16T 1416 ATIT 1e4s 1680
VT 2-EEXANOL Bosoe 1096 1241 1324 30  i3es
18 3-EERAROL B0482 1963 1212  tae? 4l 1337
19 3-METEYL, 2-PERATAROL fo FET) 1022 1118 1)) 88 1233
1e I-NETEYL. 3-PEXTANOL P33 1038 1132 1827 0% 1289
21 1-KEFTANOL WIbe L2462 1489 1794 1(38 (448
22 3-EEPTENOLL TRARS) 2040 1278 t33¢  188e 1563 1737
23 1-OCTAML O®8e 1378 1394 1942 1241 )T6s
2¢ 2-OCTEIAMAL TRARS) 06221& 1383 1439 1979 1262 1832

C8.CH.2,6-21METY CYCLOWEXANOL CO7341 12335 1423 1T1e 1(eB (38]
CS. TR, 2,6-DIMETR CYCLOWIXANOL C97312 1297 1492 1824 121% )e87
TR.TR.2,4-DUNETE CYCLOEYXANOL COT8() 1272 1640 ITIT 1173 1ets

2~ RETRYL, 2- KEPTAROL I TY 1222 1318 1582 1063 1433
3~NETNTL . 3-VEFTANOL Ko 180 1220 134T 1384 1078 1436
1-RORAROL Rese3 1478 1712 212 1350 1833
1-DECAROL Dea3? (372 ATH¢ 2142 1439 19359
A- TEAPLALOLE DLY Teese 1326 179 2104 142¢ 1968
) - UNDECAROL Seed 1792 19318 2234 1369 29A8
i - DODECAROL D31y 1813 2028 2743 1678 2208
DD—F!VL FERCsoL Foei3e 1368 1678 2019 1480 1898

A®O\8 138 T42 1072 Set e
riesd ase A28 iive 36 ‘08
Fi7eT 842 864 1236 43% 1833
| L3241 *33 108 1243 733 1678
Pioves as? a34 1173 Tes "9z
B2e33 1496 1886 1547 are 1303
82e8y 1902 %48 1294 ay 1183
re2ry 1338 1A% 2637 1133 1816
W02 16 1149 1113 1472 6¢ 1294
Rl 1313 274 (T2 8T  iYe2
Woove 1249 1226 1373 1844 1348
wirTe 109 1303 793 ULLT2  1e0e
Gel1e 1343 1311 1668 1167 1384
0e208s 1287 184  1TTY  ((34  t6e@2
Beeds 1432 1364 Q2076 1272 1848
Bei122 1323 183 2184 1334 2636
KXTORES
$2 ACETOWE Pieey *oe B39 123 32 1634
83 2-MITAMRL L adt] 893 %32 VI o4 1121
w4 DIACETYL 82632 1001 % 148 772 t220
23 2-PEATANORL red4s 1992 1439 1424 a37  123e
84 CYCLOPENTARORT ceavs 127¢ 1238 1748 1638 (364
o7 T-WEXAROMNE 931y 1193 1123 1812 teh 1102
84 3- NLKARQNTE. wes3is 1149 1884 L1434 %435 (239
89 CYCLOKIXAAORE co783 1384 1343 1663 lte® 1623
¢e 3-WEPTARORL %164 (293 1223 1612 lesL  lett 4
41 CYCLORIPTARORL Ccoe 17 1491 1ATY \taq 1286 1740
42 2-0CTARORE oe197 409 133X LT(8 ((63 (324
43 GYCLOOCTAMOAL COns? 100 1398 21ttt 484 1889
¢¢ ACTTOPRZROAL ASe43 1612 1884 2243 1387 2038
48 2-RONARONL ne332 1498 1427 1R18 (244 (€22
o6 CYCLORQRARGRE Coale 1746 1703 2232 1321 209
«7 3-DCCANWML D4 1397 1326 1443 1346 1723
88 CYCLODLCARORL, Cosde 1829 (813 2333 (eI a2
4 CARVORE ce2i2 1732 1747 2134 1386 2063
Te 3-URDLLARORL yoele 1696 A1V 2812 l4a® 1810
71 CYCLOURDECARORE Cos 103 193¢ 1923 I4T4 (TIT 2Zee
72 2-DODUCARONT 09313 17" 4717 2189 IST) e ge
73 CYCLOGODELAROWY Coo0ve 2048 2033 2383 1673  23ve
T4 CYCLOTRIOCCAKORL Ccoo2ve 130 2143 2716 Lews 2322
73 CYCLITITRADLLARONTL Lovies 234 2238 2837 A6 Z640
TTELAS
Té LTENVL LTHER Loe7? s38 27 138 $T4 748
rr ATV LTWIA £osry /e T4 109 306 134
ré Fumasg 0193 X} DOy 1040 “2h [T}
Te (. ¢-BlONARE [SIETY 1106 108 13I8 024 13e7
AS 2 ACETVL. 3-ALTHYTL FURAR Foi1ve; I37% 1618 23%e 130) 1841
&t 2ACETVL. 3 METAYL Fumas sa1942 Te 12 M1 UVT AINY (43
&2 2-PROF(HAVL. - MLTRYL FUORAR [T TS LTS iSAs  ISHT 1309 i1mot
83 1 4 3-THIMETWN. OXATOLS (P2 PP €370 4243 1343 1088 ead
Loliblbalecd norr3e YR T B R S R L R
A3 AR Ty LTy BRY it EAREN IR L AR}
-A—‘_“—‘—-—w-_‘
et emsen




Table Z (Continued)

Substances

RITROCEZR COMPOTURDS

102
193
194

1= | TROMETHANE
1-A I TROECTRARE
1-RITROPROPANE

2-METHYL, 2- 11 TROPROPARE
TROTOLUENE

3I-Ni

ACETONITRILE
BUTYRORITRILE
VALERORITRILE
BERZORITRILE

TRINETHYLANINE
ALLYLANIRE

2- ARINOBUTANL
r

PYRIDINE

2.3,6-TRINETEYL PYRIDINT

1
2-KETHYL, 3-CTWYL PYRAZ

Me26e 1e1e
Le233 tien
Pi2te 1184
Pi2eie 12014
To333 1743
A0241t %2
B26 568 (32
Pa22e 1254
Bi291 1338
AQ939 708
FiTis 784
B2489 az2e
P212¢ 1123
Pted9 L1ss
r2e32 1343

Fi1ee43 1383
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Table 4. Values of b used 10 equation (8) and (4).
Stationary phase b
Zonyl 0.203
CWAX 1540 0.214
TCEP 0.178

Polyph ether 0.262
DEGS 0.190
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Table 11l.

Further values of log L

16

obtained

relative to n-octane standard.

Solute

n-Octane
Benzonitrile
Benzaldehyde
2-Methyl-3-pentanol
3-Methyl-3-pentanol
3-Hexanol
Ethyleneglycol diacetate
Pvrrole
2-Chlorophenol
N-Methylaniline
2-Chlorotoluene
Methyl benzoate

Mesitylene

log le

3.677
3.994
3.985
3.183
3.227
3.440
4.083
2.866
4.937
4.494
4.160
4.634

4.399

at 298.15
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